Programmed cell death ligand 1 (PD-L1) is a negative regulator of the immune response that enables tumor cells to escape T-cell immunity. Although PD-L1 expression in cancer cells has been extensively studied, the expression of PD-L1 in stromal cells and its clinical significance remain largely unknown. Here, we show that bone marrow stromal cells express a low level of PD-L1 and that this molecule is significantly upregulated by key drugs used in the treatment of lymphoma at clinically relevant concentrations. Mechanistically, chemotherapeutic drugs induce PD-L1 expression in stromal cells through upregulation of granulocyte macrophage colonystimulating factor and activation of the extracellular signal-regulated kinase (ERK) 1/2 signaling pathway. Suppression of ERK by a chemical inhibitor or genetic silencing of ERK2 expression prevents drug-induced PD-L1 expression. PD-L1 expression is upregulated in the bone marrow stromal cells of mice treated with doxorubicin and in drug-treated bone marrow specimens from lymphoma patients. Drug-induced PD-L1 expression in stromal cells can cause significant impairment of T-cell functions. Overall, our study reveals a previously unrecognized mechanism by which chemotherapy induces tumor immune evasion by upregulation of PD-L1 in bone marrow stromal cells, and provides new evidence for the combination of chemotherapy and anti-PD-L1/PD-1 as an effective strategy for treatment of lymphoma and other cancers.
Programmed cell death ligand 1 (PD-L1) is a negative regulator of the immune response that enables tumor cells to escape T-cell immunity. Although PD-L1 expression in cancer cells has been extensively studied, the expression of PD-L1 in stromal cells and its clinical significance remain largely unknown. Here, we show that bone marrow stromal cells express a low level of PD-L1 and that this molecule is significantly upregulated by key drugs used in the treatment of lymphoma at clinically relevant concentrations. Mechanistically, chemotherapeutic drugs induce PD-L1 expression in stromal cells through upregulation of granulocyte macrophage colonystimulating factor and activation of the extracellular signal-regulated kinase (ERK) 1/2 signaling pathway. Suppression of ERK by a chemical inhibitor or genetic silencing of ERK2 expression prevents drug-induced PD-L1 expression. PD-L1 expression is upregulated in the bone marrow stromal cells of mice treated with doxorubicin and in drug-treated bone marrow specimens from lymphoma patients. Drug-induced PD-L1 expression in stromal cells can cause significant impairment of T-cell functions. Overall, our study reveals a previously unrecognized mechanism by which chemotherapy induces tumor immune evasion by upregulation of PD-L1 in bone marrow stromal cells, and provides new evidence for the combination of chemotherapy and anti-PD-L1/PD-1 as an effective strategy for treatment of lymphoma and other cancers.
Introduction
Malignant B-cell non-Hodgkin's lymphoma (NHL) is a class of heterogeneous diseases that exhibit various responses to chemotherapy with variable clinical outcomes. Currently, chemotherapy remains a cornerstone of the clinical treatment of B-cell NHL. Although significant progress has been made in the chemotherapy of NHL during the past several decades, most B-cell NHL patients remain incurable. Even for the relatively favorable diffuse large B-cell lymphoma, the cure rate is~70% (Coiffier et al., 2010) . Thus, development of more effective therapy approaches is an urgent and important task.
Tumor tissue is a complex system including cancer cells, stromal cells, immune cells and blood vessels. As such, chemotherapeutic drugs may impact tumor cells as well as their microenvironment, including stromal cells in vivo. Gilbert and Hemann (2010) report that DNA-damaging agents may induce a chemoresistant microenvironment that promotes the survival of residual tumor cells, leading to the eventual tumor relapse. Previous studies of drug resistance have largely focused on several mechanisms including drug efflux by ATP-dependent pumps on the surface of cancer cells, increased DNA repair capacity (Luqmani, 2005) , the existence of cancer stem cells (Dean et al., 2005) , microenvironment protection of cancer cells (Zhang et al., 2012) , and activation of survival pathways and gene amplification (Peiris-Pages et al., 2015) . However, few studies have addressed chemotherapy-induced alteration in stromal cells and their impact on tumor immunity.
The tumor microenvironment contains certain types of cells that may suppress T-cell activation and promote tumor outgrowth (Fridman et al., 2012) . It is possible that cancer cells may escape immune surveillance by upregulating the expression of certain immune-inhibitory molecules in tumor cells and/or stromal cells in the tumor microenvironment. Programmed cell-death 1 (PD-1) is one such inhibitory receptor and is mainly expressed on activated T cells and on certain B cells and natural killer cells. There are two PD-1 endogenous ligands, PD-L1 and PD-L2. PD-L1 mRNA is detectable in almost all organs although expression of the protein seems limited to antigen-presenting cells, activated T cells and other immune cells, and some tumor cells (Keir et al., 2008; Pardoll, 2012) . PD-L2 is restrictively expressed on dendritic cells, macrophages and B cells (Latchman et al., 2001) . PD-L1 seems inducible in various cancer types by inflammatory cytokines and its overexpression is considered a major mechanism for tumor evasion from the host immune response (Dong et al., 2002; Iwai et al., 2002) . Recently, an effective treatment modality using immune checkpoint blockers unveiled a promising therapeutic potential . Targeting the proteins that inhibit T cells could restore Tcell function and activate antitumor immunity (Hamid et al., 2013; Topalian et al., 2012) . Accumulated evidence from preclinical and clinical data over the past decade has illustrated a promising effect of immunotherapeutic treatment. For example, one study demonstrated that the PD-1-blocking monoclonal antibody nivolumab was highly effective in refractory Hodgkin's lymphoma (Ansell et al., 2015) . The PD-L1/PD-L2 expressed on the surface of tumor-infiltrating cells could induce T-cell exhaustion and nonresponse by binding the inhibitory receptor PD-1 in T cells (Liu et al., 2007) . Multiple clinical trials are ongoing in different tumor types using novel agents to target PD-1 or PD-L1 (Robert et al., 2015; Topalian et al., 2014) .
Immune-checkpoint inhibitors have demonstrated promising activity in cancer treatment. These drugs exert their anticancer effect largely by activation of the host immune system; this differs from conventional cytotoxic drugs or the relatively new agents that directly target cancer-specific abnormalities in the malignant cells (Quezada and Peggs, 2013) . More recent studies have begun to investigate the effects of conventional and targeted agents on tumor immunity. For instance, a low concentration of cisplatin (CDDP) has been shown to upregulate PD-L1 expression in mouse hepatoma H22 cells, whereas paclitaxel, etoposide and 5-fluorouracil could induce PD-L1 expression in human breast cancer cells (Qin et al., 2010; Zhang et al., 2008) . These studies mainly focused on the effect of chemotherapy on the immune system or on cancer cells. However, it remains largely unknown whether conventional chemotherapeutic agents might affect immune function by inducing changes in stromal cells within the tumor microenvironment.
In this study, we investigated the effect of several key drugs used in the clinical treatment of lymphoma, including a cytotoxic agent [doxorubicin (ADM)], an antimetabolite drug (cytarabine, Ara-C), DNA-damaging drugs [CDDP, and oxaliplatin (Oxal) ], a topoisomerase inhibitor [etopside (Etop)] and a alkaloid [vincristine (VCR)] on the expression of PD-L1 in bone marrow stromal cells. Our study revealed a previously unrecognized role for chemotherapeutic agents in inducing PD-L1 expression in bone marrow stromal cells, which could then impair T-cell function and thus may serve as a novel mechanism of drug-induced tumor immune evasion.
Materials and methods

Reagents and antibodies
Chemotherapeutic drugs ADM and VCR were purchased from Wanle Pharmaceutical (Shenzhen, China), CDDP was obtained from Hospira Australia Pty Ltd (Lexia Place Mulgrave, Australia), Ara-C was supplied by Actavis Italy S.p.A (Nerviano, Italy), Etop was purchased from Qilu Pharmaceutical (Hainan, China), Oxal was obtained from Hengrui Medicine Co., Ltd (Jiangsu, China). ADM, Ara-C, VCR, Oxal, CDDP and Etop were dissolved in sterile water or saline in accordance with the manufacturer's instructions, and stored at 4°C or room temperature. Antibodies against PD-L1, ERK1/2, p-ERK1/2 were purchased from Cell Signaling Technology (Danvers, MA, USA). Antibodies against GAPDH and PD-L1 and Human Cytokine Antibody Array were purchased from Abcam (Cambridge, MA, USA). Lipofectamine TM RNAiMAX was obtained from Invitrogen Corporation (Carlsbad, CA, USA). Human ERK2 short interfering RNA (siRNA) was purchased from Ribobio (Guangzhou, China). Anti-PD-L1 monoclonal antibody was obtained from eBioscience (San Diego, CA, USA). Recombination human GM-CSF was purchased from Tebao Biology (Xiamen, China).
Cell lines
Human bone marrow stromal cell lines HS5 and NKtert were cultured as described previously (Liu et al., 2016; Zhang et al., 2012) Cells were cultured in RPMI 1640 medium (GIBCO BRL, Paisley, UK) supplemented with 10% fetal bovine serum (Invitrogen Life Technologies), and incubated in a humidified incubator at 37°C supplemented with 5% carbon dioxide.
Evaluation of cell viability
Stromal cells were seeded in triplicate in 96-well plates and incubated overnight to allow for attachment. They were then exposed to the indicated concentrations of drugs for 72 h. Twenty microliters of 3-(4,5-dimethylthiazol-2-yl)-5(3-carboxymethoxyphenyl)-2-(4-sulfopheny)-2h-tetrazolium (MTS reagent) was added to each well and incubated at 37°C for 3 h. Absorbance at a wavelength of 490 nm was measured using a MultiSkan plate reader (Thermo, Helsinki, Finland).
Protein extraction and western blot analysis
Cells were washed with ice-cold phosphate-buffered saline (PBS) and lysed in lysis buffer (containing RIPA, phosphatase inhibitor and protease inhibitor) for 15 min on ice. Cell debris was removed by centrifugation at 12 000 g for 15 min at 4°C. Protein lysates were analyzed by standard SDS/PAGE and transferred to a nitrocellulose membrane. Protein bands of interest were revealed by blotting with the respective antibodies.
Quantitative reverse transcription polymerase chain reaction
Total RNA was extracted from cells using Trizol (Invitrogen). Then, a quantitative reverse transcription polymerase chain reaction (qRT-PCR) was performed to measure the levels of PD-L1. Expression of GAPDH mRNA was also measured and used as the internal control for normalization. The forward and reverse primer sequences for human PD-L1 were 5 0 -ACCACCACCA ATTCCAAGAG-3 0 and 5 0 -GGAGGATGTGCCAGA GGTAG-3 0 , respectively; and for human GAPDH were 5 0 -GGAGCGAGATCCCTCCAAAAT-3 0 and 5 0 -GGCT GTTGTCATACTTCTCATGG-3 0 , respectively. The forward and reverse primer sequences for the mouse PD-L1 were 5 0 -GCTCCAAAGGACTTGTACGTG-3 0 and 5 0 -TGATCTGAAGGGCAGCATTTC-3 0 , respectively; and for the mouse GAPDH were 5 0 -TGGCCTTCCGTG TTCCTAC-3 0 and 5 0 -GAGTTGCTGTTGAAGTCGC A-3 0 , respectively.
Detection of cytokines
Human cytokine antibody array (ab133998 from Abcam) was used in accordance with the manufacturer's instructions. Briefly, the membranes containing cytokine antibodies were blocked, incubated with 1 mL conditioned medium (CM) for 2 h at room temperature, washed, and then incubated with biotin-conjugated antibodies for 2 h and with horseradish peroxidase-linked secondary antibody for another 2 h. The membranes were incubated with chemiluminescent substrate. The ChemiDoc XRS system (BioRad, Hercules, CA, USA) was used to detect the chemiluminescence. For quantitation of GM-CSF, the Human GM-CSF ELISA Kit (ab100529 from Abcam) was used in accordance with the manufacturer's instructions. In brief, GM-CSF standard and samples were pipetted into the wells containing human GM-CSF-specific antibody and incubated at room temperature for 3 h. The wells were washed and then biotinylated human GM-CSF antibody was added, followed by incubation for 45 min. After removing the unbound biotinylated antibody by washing, horseradish peroxidase-conjugated streptavidin was added. The wells were again washed, and TMB substrate solution was pipetted into the wells and incubated for 30 min, followed by addition of a stop solution. The intensity of the color was measured at 450 nm.
Flow cytometry
Programmed cell death ligand 1 expression on the stromal cell surface was analyzed by flow cytometry. Cells were harvested, washed with PBS, and fixed with 4% formaldehyde for 10 min at 37°C and then 1 min on ice. The samples were washed with incubation buffer (PBS containing 1% bovine serum albumin) twice and incubated with anti-PD-L1 IgG for 1 h at room temperature. The cells were then washed with incubation buffer, followed by incubation with secondary FITC-conjugated rabbit IgG (eBioscience) for 30 min at room temperature. The samples were finally washed and resuspended in PBS for analysis by flow cytometry (Beckman Counter, Fullerton, CA, USA).
Isolation of effector CD8 + T cells from peripheral blood
Peripheral blood mononuclear cells were isolated from healthy adult donors using Ficoll-Paque TM PLUS (GE Healthcare Bio-Sciences, Uppsala, Sweden) gradient centrifugation (Vereide et al., 2014) . Peripheral blood mononuclear cells at a density of 1 9 10 7 per mL were incubated with CD8-coated magnetic microbeads (MiltenyiBiotec, Bergisch Gladbach, Germany) for 15 min at 4°C. The cell suspension was loaded onto a MACS column placed in the magnetic field of a MACS separator. The magnetically labeled CD8 + T cells were retained within the column during washing with PBS. The CD8 + T cells were then eluted after removing the column from the magnetic field.
Effect of PD-L1 expression in drug-treated stromal cells on CD8 + T cell viability and function
NKtert cells were first incubated in the presence or absence of 0.01 lM ADM for 12 h, and then co-cultured with stimulated CD8 + T cells at a ratio of 1 : 1 for 2 days. After co-incubation, CD8 + T cells were collected, washed with PBS and stained with Annexin V-FITC and PI for analysis of cell viability using flow cytometer. The culture medium was collected, and the level of interferon-c (IFN-c) secretion was measured by the ELISA assay (eBioscience) as an indicator of T-cell function.
Preparation of primary bone marrow stromal cells from lymphoma patients
Bone marrow biopsy samples were obtained from patients diagnosed with B-cell NHL at the Sun YatSen University Cancer Center after proper informed consent. The bone marrow specimens were immediately minced with fine scissors, and cells were suspended in RPMI 1640 medium. The cell suspension was filtered through a 70-lm cell strainer to remove tissue debris and cell clusters. The primary cells from bone marrow were cultured in RPMI 1640 medium containing 10% FBS and penicillin-streptomycin. After 7-14 days of incubation, the culture medium along with suspension cells was removed, and the remaining stromal cells attached to the culture flask surface (Fig. S1 ) were used in the subsequent experiments. Studies using human samples were reviewed and approved by the Committee for Ethical Review of Research involving Human Subjects of Sun Yat-Sen University.
Immunohistochemistry
The primary cells from bone marrow were cultured in six-well plates containing sterile glass cover slips. After 7-14 days, when the attached stromal cells had proliferated and covered the glass slips, 0.01 lM ADM was added. Following 24 h drug incubation, the cells on the glass slips were washed three times with PBS, and then fixed with 4% paraformaldehyde solution for 15 min. The slides were washed and incubated with 3% H 2 O 2 for 30 min to quench the endogenous peroxidase activity, washed again with PBS, and then blocked with 10% goat serum. Monoclonal antibody against human PD-L1 was added at a 1 : 50 dilution and incubated overnight at 4°C. Biotinylated secondary antibody was then added and incubated for 30 min at 37°C. After washing with PBS, the slides were incubated with DAB substrate, washed and counterstained with hematoxylin before examination under a light microscope. The expression of PD-L1 was scored according to the relative intensity of the immunostaining.
2.12. Evaluation of impact of ADM on PD-L1 expression in stromal cells in vivo C57BL/6 mice (12 weeks old, five mice/group) were treated with ADM (2 mgÁkg À1 , i.p.) or normal saline (NS; i.p.) every other day for a total of two injections. Two days after the last injection, the mice were killed and bone marrow cells were isolated from femurs by flushing the medullar channel with PBS. A single-cell suspension was obtained by filtering the bone marrow cells through a sterile cell strainer (pore size 70 lm). The cells were washed twice, resuspended in 4 mL of Percoll solution (density 1.057), and stromal cells were isolated using a Percoll protocol as described below.
All animal experiments were conducted in accordance with institutional guidelines and approved by the Animal Care and Use Committee of Sun Yat-Sen University Cancer Center.
Percoll density gradient separation
An isotonic Percoll solution was made by mixing Percoll (25 mOsÁkg À1 , 1.130 gÁmL À1 ; MPbio, Santa Ana, CA, USA) and 1.5 M NaCl at a 9 : 1 v/v. Densities of 1.057 and 1.090 gÁmL À1 were prepared by diluting the isotonic Percoll solution in 0.15 M NaCl at concentrations of 40% and 70%, respectively. A two-layered Percoll gradient was obtained by layering 4 mL of the low-density (1.057) Percoll on top of the high-density (1.090) Percoll. The cell suspension, obtained as described above, was placed on the top of the Percoll gradient and centrifuged at 400 g for 25 min (Li et al., 2005; Posel et al., 2012) . The cells were washed three times with saline and PD-L1 expression was analyzed using flow cytometry.
Statistical analysis
Each experiment was repeated at least three times. The in vitro data are presented as mean AE SD. Comparisons between groups were performed using the Student's t-test provided in the GRAPHPAD PRISM software (GraphPad, San Diego, CA, USA). A P-value of < 0.05 is considered statistically significant.
Results
Drug-induced PD-L1 expression in bone marrow stromal cells
The anticancer drugs ADM, CDDP, Ara-C, Etop, Oxal and VCR are often used in chemotherapy regimens for the treatment of B-cell NHL. We evaluated the effect of these drugs on the expression of PD-L1 in bone marrow stromal cell lines NKtert and HS5 cells. To determine proper drug concentrations for this study, we first tested the dose-dependent cytotoxic effect of these drugs on stromal cells (Fig. S2 ). Considering that a chemotherapy regimen for B-cell NHL treatment is usually administrated every 3 weeks and plasma concentrations of these chemotherapeutic drugs become very low several days after drug infusion, we used sub-toxic (sub-therapeutic) concentrations (IC 10 ) of these drugs in testing their effect on the expression of PD-L1 in stromal cells. We observed a low level of PD-L1 protein in stromal cell lines NKtert and HS5 cells (Fig. 1A,B) , consistent with previous reports that there is little PD-L1 expression in human normal tissues, except in certain immune cells (Dong et al., 2002) . However, at sub-toxic concentrations (IC 10 ), all the drugs induced a substantial increase in PD-L1 expression in NKtert stromal cells, with ADM and Etop having the most prominent effect (Fig. 1A) . PD-L1 mRNA expression was also significantly induced ( Figs 1C and S3 ). Because the PD-L1 protein on the cell surface is responsible for T-cell suppression, we further used flow cytometry analysis to measure surface PD-L1 expression levels before and after drug treatment. As shown in Fig. 1D , all the chemotherapeutic drugs tested consistently induced surface PD-L1 expression in NKtert cells. A similar effect was also observed in another stromal cell line, HS5 cells (Figs 1B and S3) . These results indicate that the induction of PD-L1 expression in stromal cells might be a common effect of many chemotherapeutic drugs.
Role of the ERK pathway in mediating druginduced PD-L1 overexpression in stromal cells
Considering that all six chemotherapeutic drugs tested induced PD-L1 overexpression in two stromal cell lines, we reasoned that there would likely be a common molecular mechanism that mediated such effect. Because previous studies have reported that Akt and ERK signaling pathways regulate PD-L1 expression in melanoma cells (Atefi et al., 2014) , we examined the effect of chemotherapeutic drugs on the activity of these two signaling pathways in stromal cells to identify the molecular events associated with PD-L1 induction. We first measured phosphorylated-Akt at Ser473 and Thr308, and total Akt in stromal cells treated with chemotherapeutic drugs. Western blot analysis showed that there was no significant correlation between druginduced PD-L1 expression and the change in Akt phosphorylation status or total Akt protein expression (Fig. S4) . By contrast, exposure of NKtert stromal cells to the sub-toxic concentrations of chemotherapeutic drugs caused robust activation of the ERK pathway, as indicated by the increase in p-ERK1/2 expression ( Fig. 2A) . A similar increase in p-ERK1/2 expression, although less robust, was also observed in another stromal cell line (HS5) after exposure to chemotherapeutic drugs (Fig. 2B) . Taken together, these data suggest that chemotherapeutic drug-enhanced PD-L1 expression in stromal cells was likely associated with activation of the ERK, but not Akt, pathway. We then tested the role of the ERK signaling pathway in mediating chemotherapeutic drug-induced PD-L1 overexpression. Because ADM is the most commonly used drug for B-cell NHL treatment and was highly effective in inducing PD-L1 expression in stromal cells, we used this compound to test whether the ERK pathway might play an important role in mediating drug-induced PD-L1 expression in NKtert cells, using both chemical and siRNA approaches. As shown in Fig. 2C , 0.01 lM ADM induced a substantial increase of PD-L1 expression and ERK activation in stromal cells as early as 12-24 h. This relatively short time allowed us to test the effect of ERK inhibitor on PD-L1 expression without causing significant cytotoxicity. As shown in Fig. 2D , pre-incubation of NKtert cells with an ERK inhibitor UO126 caused a substantial inhibition of ERK phosphorylation and prevented the induction of PD-L1 expression induced by ADM treatment. Consistently, partial silencing of ERK expression by siRNA in NKtert stromal cells proportionally prevented the ADM-or Etop-induced PD-L1 expression (Fig. 2E, lanes 3-6) . Interestingly, although siRNA against ERK2 reduced the expression of ERK and its phosphorylation in control samples, it did not decrease basal PD-L1 expression, which was at low level without drug treatment (Fig. 2E, lanes 1 and  2) . Conversely, phorbol-12-myristate 13-acetate, a known activator of ERK, caused a substantial increase in PD-L1 expression in NKtert cells (Fig. 2F) . Taken together, these data suggest that ERK signaling pathway might play an important role in chemotherapeutic drug-induced PD-L1 expression in stromal cells.
Role of GM-CSF in mediating drug-induced PD-L1 expression in stromal cells
Because previous studies suggest that PD-L1 expression in tumor cells or immune cells might be induced by cytokines (Gaudreau et al., 2010; Liu et al., 2007) , we tested whether any cytokines might be involved in druginduced PD-L1 expression in bone marrow stromal cells. Cytokines in the CM from NKtert stromal cells cultured with or without chemotherapeutic drugs were analyzed using a human cytokine antibody array. Among all the cytokines on the array, only GM-CSF was significantly increased in the CM of NKtert stromal cells treated with ADM or CDDP, whereas most of other cytokines, including interleukin 6 and IFN-c, did not increase (Fig. 3A,B) . The drug-induced GM-CSF secretion was detectable as early as 12 h after incubation with ADM (Fig. 3C) . We then evaluated whether GM-CSF could induce activation of ERK pathway and elevated PD-L1 expression by adding recombinant human GM-CSF to a NKtert cell culture. We observed that exogenous GM-CSF could induce phosphorylation of ERK1/2 and elevated expression of PD-L1 detectable at both early (12 h) and late (6 days) time points (Fig. 3D,E) , suggesting that drug-induced PD-L1 expression in the stromal cells was likely via upregulation of GM-CSF, which then activated MEK/ERK pathway.
Drug-induced PD-L1 expression in stromal cells impaired T-cell function
It is known that PD-L1 expressed on tumor cells leads to T-cell impairment through a PD-1/PD-L1 interaction ) for 30 h, cell lysates were prepared and analyzed by western blot for PD-L1, p-ERK1/2, ERK1/2 and GAPDH expression. (Dong et al., 2002; Francisco et al., 2010; Iwai et al., 2002) Hence, we tested the impact of drug-treated stromal cells on T-cell viability and function. A co-culture system was used to test the effect of drug-treated and untreated stromal cells on the functions of activated T cells. As shown in Fig. 4A, CD8 + T cells were activated by CD3, CD28 and interleukin 2 stimulation for 3 days, as described previously (Blagih et al., 2015) . The activated CD8 + T cells were then co-cultured with either control or drug-treated NKtert cells in fresh medium (drug-free). It should be noted that the druginduced high expression of PD-L1 remained elevated GM-CSF for 12 h, the expression of PD-L1, p-ERK1/2 and ERK1/2 was measured by western blot analysis. GAPDH was blotted as a loading control. (E) NKtert cells were incubated without or with 16 ngÁmL À1 GM-CSF for 6 days, the expression of PD-L1, p-ERK1/2 and ERK1/2 protein was measured by western blot analysis. GAPDH was blotted as a loading control.
for at least 48 h in fresh medium after ADM removal (Fig. 4B ). This allowed us to test the effect of ADMinduced PD-L1 expression on T cells without the drug in a co-culture system. After activated T cells were cocultured with ADM-treated stromal cells for 48 h, the T cells were analyzed for cell survival and function. As shown in Fig. 4C ,D, ADM-treated NKtert cells with high expression of PD-L1 induced a significant loss of T-cell survival, as evidenced by a significant decrease in viable cells in flow cytometry analysis. By contrast, coculture with control stromal cells did not cause any loss of T-cell viability (Fig. 4C,D) . We further evaluated IFN-c production as an indication of T-cell function. We found that activated CD8 + T lymphocytes showed a significant decrease in IFN-c production after co-culture with drug-treated stromal cells, but not after co-culture with control stromal cells (Fig. 4E) . These results suggest that PD-L1 expressed on drug-treated stromal cells could significantly impair T-cell function. Furthermore, addition of a neutralizing anti-(PD-L1) IgG to the co-culture system significantly protected T-cell viability (Fig. 4C,D) and prevented the loss of T-cell function (Fig. 4E) , suggesting that the ADM-treated NKtert stromal cells compromised CD8 + T-cell viability and functions through a PD-L1-dependent mechanism.
Chemotherapeutic drugs induced PD-L1 expression in primary bone marrow stromal cells and in vivo
We then evaluated the effect of chemotherapeutic drugs on PD-L1 expression in primary bone marrow stromal cells from lymphoma patients, using western blot analysis and an immunohistochemistry assay. After the bone marrow specimens were obtained, samples were processed as described in Materials and methods. A single-cell suspension was then cultured in six-well plates containing sterile coverslips. Stromal cells were allowed to attach and proliferate. The primary stromal cells exhibited typical spindle morphology (Fig. 5A ). The culture medium was then replaced with fresh medium with or without ADM, and cultured for additional 24 h. Cells within the wells were collected for analysis of PD-L1 expression by western blot (Fig. 5B) , and cells attached to the coverslips were fixed for immunohistochemistry analysis (Fig. 5C ). Both assays consistently showed that ADM could induce PD-L1 expression in primary bone marrow stromal cells.
We next evaluated the effect of ADM on PD-L1 expression in vivo using the experimental scheme shown in Fig. 6A . C57BL/6 mice were divided into two groups (five mice/group), and treated with NS (i.p.) or ADM (2 mgÁkg À1 , i.p.) on days 1 and 3. The mice were killed on day 5, and the bone marrow cells were obtained as described above. PD-L1 expression in the primary bone marrow stromal cells was analyzed using both flow cytometry analysis and qRT-PCR. As shown in Fig. 6B , flow cytometry analysis revealed that cell surface PD-L1 expression was increased in bone marrow stromal cells from ADMtreated mice in comparison with that from the untreated mice. Consistently, the mRNA expression of PD-L1 was also overexpressed in the bone marrow stromal cells from ADM-treated mice (Fig. 6C) . Taken together, these data suggested that chemotherapeutic drugs could induce the expression of PD-L1 in bone marrow stromal cells in vivo.
Discussion
Currently, chemotherapy is still the mainstay of treatment for B-cell NHL and other malignant diseases such as leukemia and multiple myeloma. As such, the impact of chemotherapeutic agents on host immunity is a highly important issue with direct clinical significance. The influence of chemotherapy on the functions of immune cells and expression of PD-L1 in tumor cells has been extensively investigated in the recent years with important findings. It has been reported that PD-L1 expression in tumor tissue might lead to T-cell exhaustion and unresponsiveness (Berghoff et al., 2015; Crespo et al., 2013) , and this was correlated with poor prognosis in many solid tumors such as esophageal cancer (Ohigashi et al., 2005) , breast cancer (Ghebeh et al., 2006) , renal cancer (Thompson et al., 2006) and melanoma (Hino et al., 2010) . Several studies have reported that PD-L1 on cancer cells could induce T-cell apoptosis through upregulation of glycolysis in cancer cells, with subsequent exhaustion of glucose in the microenvironment, leading to the death of T cells from starvation (Chang et al., 2015; Dong et al., 2002; Liu et al., 2013) . In addition, PD-L1 expression promotes the production of interleukin 10, a cytokine involved in the death of activated T cells (Georgescu et al., 1997) . However, the impact of chemotherapeutic agents on the expression of PD-L1 in stromal cells and its effect on immune function remain largely unknown. In this study, we showed that PD-L1 expression in the bone marrow stromal cells could be induced by chemotherapeutic drugs, even at a sub-toxic low concentration in vitro. This observation was further confirmed in patient samples and in experimental animals in vivo. Furthermore, we also showed that the drug-induced expression of PD-L1 in bone marrow stromal cells could compromise T-cell viability and impair T-cell function. These new findings are clinically important for multiple reasons. Although chemotherapeutic drugs are effective in eliminating the bulk of lymphoma cells and causing tumor shrinkage, a small subpopulation of residual tumor cells often remains in certain tissue niches, which provide a protective microenvironment to promote cancer cell survival and drug resistance, leading to eventual disease relapse (Laberge et al., 2012; Martinez-Outschoorn et al., 2011) . As such, a competent immune system to eliminate residual cancer cells after chemotherapy is critically important to completely eradicate the tumor and prevent cancer recurrence. Our findings that subtoxic concentrations of chemotherapeutic drugs were able to induce PD-L1 expression in bone marrow stromal cells and impair T-cell function reveal a previously unrecognized mechanism by which anticancer drugs negatively impact the immune system, and provide an explanation for the unsatisfactory treatment outcome when chemotherapy is used alone. Because sub-toxic low concentrations of drugs may be present in the body for a long period after chemotherapy, the immune-suppressive effect of drug treatment could be long-lasting. Thus, a combination of chemotherapy and proper immunotherapy using anti-PD-L1 or anti-PD-1 IgG may be beneficial for treatment of NHL and other cancers. The exact mechanisms by which PD-L1 is regulated in stromal cells are not entirely clear. An early study (Liu et al., 2007) in multiple myeloma cells showed that IFN-c promoted PD-L1 expression through a MyD88-, TRAF6-and MEK-dependent pathway, and IFN-c activated transcription factor STAT1 partially via the MEK/ERK pathway. The results of our current study suggest that chemotherapeutic agents may stimulate stromal cells to release GM-CSF, which in turn activates the ERK pathway leading to increased expression of PD-L1. This conclusion is supported by the following evidence: (a) chemotherapeutic druginduced increases in GM-CSF secretion and ERK activation were closely associated with elevated PD-L1 expression (Figs 1-3) ; (b) addition of GM-CSF to the culture medium induced PD-L1 expression and ERK activation in NKtert cells (Fig. 3D,E) ; (c) suppressing the activity of the ERK pathway using specific inhibitor UO126 inhibited PD-L1 overexpression induced by chemotherapeutic drugs (Fig. 2D) ; (d) siRNA silencing of ERK expression prevented drug-induced PD-L1 overexpression (Fig. 2E) ; and (e) activation of ERK by phorbol-12-myristate 13-acetate led to an increase in PD-L1 overexpression (Fig. 2F) . It is worth noting that the basal level of PD-L1 expression in stromal cells was low without drug induction. Under this condition, silencing of ERK expression by siRNA did not decrease the basal PD-L1 expression, although siRNA could still suppress the expression of ERK and its phosphorylation in the control samples (Fig. 2E) . These data seem to suggest that the basal expression of a low level of PD-L1 in stromal cells might not be dependent on the ERK1/2 pathway, which seems mainly involved in drug-induced PD-L1 expression. Previous studies have reported that IFN-c regulated the expression of PD-L1 in dermal fibroblast cells or macrophages through phosphorylation of ERK and phosphatidylinositol 3 kinase (PtdIns3K) (Lee et al., 2005; Loke and Allison, 2003; Muhlbauer et al., 2006) . However, our study suggests that PtdIns3K/AKT is unlikely to be involved in drug-induced PD-L1 expression in bone marrow stromal cells. It is possible that the PtdIns3K/AKT might regulate the basal expression of PD-L1 without drug induction.
Our study showed that chemotherapeutic agents could promote PD-L1 expression through induction of GM-CSF in bone marrow stromal cells in vitro. It is possible that in GM-CSF might also come from tumor cells and other cell types in vivo. Interestingly, a recent study showed that GM-CSF secreted from tumor cells could promote PD-L1 expression in liver myeloidderived suppressor cells through Janus-activated kinase 2 (JAK2)-mediated activation of signal transducer and activator of transcription 3 (STAT3), which was able to bind to PD-L1 promoter and enhance its transcription (Thorn et al., 2016) . Thus, endogenous GM-CSF from tumor cells could promote PD-L1 expression via the GM-CSF/JAK/STAT3 axis.
In summary, our work revealed a previously unrecognized mechanism by which chemotherapy causes immunosuppression by induction of PD-L1 expression in bone marrow stromal cells, and activation of ERK pathway by GM-CSF seems to play an important role in this process. These findings not only provide a new explanation for chemotherapy-induced immune suppression, but also reveal potential novel approaches to improve therapeutic outcomes of NHL patients. Because inhibition of the ERK pathway by chemical inhibitor or siRNA seemed able to prevent the druginduced expression of PD-L1, a combination of chemotherapeutic agents and inhibitors of ERK pathway would be a potential novel strategy to overcome drug-induced immunosuppression. This possibility merits further test in vivo. Another strategy to overcome the immune suppressive effect of chemotherapy would be to combine anti-PD-L1 or anti-PD-1 IgG with chemotherapeutic agents. In fact, recent studies showed that combinations of trametinib with immunomodulators targeting PD-1, PD-L1, or CTLA-4 in mice were more efficacious than any single agent alone (Liu et al., 2015) . Clinical trials to evaluate the efficacy of immune checkpoint blockers plus conventional or targeted anticancer agents are ongoing (Galluzzi et al., 2015) . It is worth noting that due to the large volume of stromal cell compartment in a human body, the use of anti-PD-L1 in cancer therapy would likely require high dosages to saturate PD-L1 on the surface of stromal cells in vivo. It is also important to consider the possibility that upregulation of PD-L1 by normal bone marrow stromal cells might also protect normal hematopoietic cells in the bone marrow from inflammation-induced injury, and the use of anti-PD- L1 IgG at high dosage might have potential negative effect on the normal cells.
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